Eukaryotic translation termination results from the complex functional interplay between two eukaryotic release factors, eRF1 and eRF3, and the ribosome, in which GTP hydrolysis by eRF3 couples codon recognition with peptidyl-tRNA hydrolysis by eRF1. Here, using cryo-electron microscopy (cryo-EM) and flexible fitting, we determined the structure of eRF1-eRF3-guanosine 5′- [β,γ-imido] triphosphate (GMPPNP)-bound ribosomal pretermination complex (pre-TC), which corresponds to the initial, pre-GTP hydrolysis stage of factor attachment. Our results show that eukaryotic translation termination involves a network of interactions between the two release factors and the ribosome. Our structure provides mechanistic insight into the coordination between GTP hydrolysis by eRF3 and subsequent peptide release by eRF1.
T ermination of translation occurs when a ribosome reaches the end of the coding region and a stop codon (UAA, UAG, or UGA) enters the aminoacyl tRNA binding site (A site), leaving peptidyl-tRNA in the peptidyl tRNA binding site (P site). It entails stop codon recognition by specialized release factors followed by hydrolysis of peptidyl-tRNA. In eukaryotes, termination is mediated by the concerted action of two directly interacting release factors, eRF1 and eRF3. eRF1 is responsible for stop codon recognition and inducing hydrolysis of peptidyl-tRNA, whereas eRF3, a ribosome-dependent GTPase, strongly stimulates peptide release by eRF1 in a GTP-dependent manner (for review, see ref. 1) .
eRF1 also participates in ribosome recycling: after peptide release it remains associated with the ribosome and together with ATP-binding cassette sub-family E member 1 (ABCE1) promotes splitting the ribosome into free 60S and tRNA/mRNA-associated 40S subunits (2) . eRF1 and eRF3 have paralogs, Dom34 (yeast)/ Pelota (mammals) and Hbs1, respectively, which do not participate in termination but instead play a key role in No-go and nonstop decay surveillance mechanisms (e.g., see refs. 3, 4) . Dom34/Pelota and Hbs1 do not induce peptide release in a mechanism similar to eRFs. Instead, they cooperate with ABCE1 to promote dissociation of stalled elongation complexes, which is accompanied by peptidyltRNA drop off (5) (6) (7) . eRF1 comprises N-terminal (N), middle (M), and C-terminal (C) domains (8) . The N domain is responsible for stop codon recognition, which is achieved through a 3D network of conserved residues that include apical TASNIKS (amino acid sequence: threonine-alanine-serine-asparagine-isoleucine-lysine-serine) and YxCxxxF motifs (e.g., refs. [9] [10] [11] [12] . Domain M contains the universally conserved GGQ motif, which is critical for triggering peptide release: as shown for prokaryotes, its placement into the peptidyl transferase center (PTC) causes rRNA rearrangement, allowing a water molecule to enter (for review, see ref. 13 ). The rigid core of domain C forms an α-β sandwich (8) that deviates from the standard form by the presence of a small insertion, which forms a minidomain (14) . eRF3 consists of an N-terminal sequence (residues 1-138) that is nonessential for termination (15) , and the following essential region comprising a G domain and the β-barrel domains 2 and 3. These three domains share strong structural homology with elongation factors (EFs) eEF1α and EF-Tu (16) . Domain 3 interacts directly with domain C of eRF1, predominantly through hydrophobic contacts (17) .
Association with eRF1 specifically stabilizes binding of GTP to eRF3 by two orders of magnitude (18) (19) (20) so that eRF1 and eRF3 form a stable eRF1-eRF3-GTP ternary complex. eRF1 is also strictly required for stimulation of eRF3's ribosomedependent GTPase activity (21) . Although the primary determinant of eRF1-eRF3 binding is the interaction between their C-terminal domains, eRF1's domain M contributes additional affinity to the eRF1-eRF3 interaction and is strictly required for stimulation of eRF3's GTP-binding and hydrolysis activities (22) . Consistently, the model of eRF1-eRF3-GTP based on the crystal structure of the complex of eRF1 with domains 2 and 3 of eRF3 (eRF3 [2] [3] ) and the low-resolution small angle x-ray scattering (SAXS) structure of eRF1-eRF3-GTP (17) , predicts that upon binding of eRF1 to eRF3, domain M shifts and rotates, resulting in adoption by eRF1 of a tRNA-like shape. In such a conformation, domain M would come in direct contact with the switch regions of the eRF3 G domain. Interestingly, binding of eRF1-eRF3-GTP to ribosomal pretermination complexes (preTCs) also induces a +2-nt forward shift in their mRNA toeprints (23) , which could be due to additional conformational changes in the 80S ribosome.
Peptide release by eRF1 alone is very inefficient. eRF3 strongly stimulates the process in the presence of GTP, but this stimulation is completely abrogated in the presence of the nonhydrolyzable GTP analog guanosine 5′-[β,γ-imido]triphosphate (GMPPNP) (23) . This indicates that eRF3's GTPase activity couples stop codon recognition with hydrolysis of peptidyl-tRNA, as first suggested on the basis of genetic data (24) . Eukaryotic termination can therefore be described by the following model. First, eRF1 and eRF3 bind to the A site of pre-TCs as an eRF1-eRF3-GTP ternary complex. Binding to the ribosome triggers GTP hydrolysis, which results in conformational changes, likely in eRF1, that enable the GGQ loop in its M domain to enter the PTC and hydrolyze peptidyl-tRNA.
Although this model is generally accepted, it has yet to be corroborated by structural data. To date, the eukaryotic ribosomal complexes corresponding to different stages in termination have not been visualized and ribosomal binding positions of Author contributions: D.T., T.V.P., and J.F. designed research; D.T., A.U., J.L., R.A.G., and T.V.P. performed research; A.U. contributed new reagents/analytic tools; D.T., W.L., S.D., H.Y.L., and T.V.P. analyzed data; and D.T., T.V.P., and J.F. wrote the paper.
eRFs, as well as their ribosome-bound conformations, remain unknown. Here, using cryo-EM, we investigated the structure of mammalian 80S-eRF1-eRF3-GMPPNP pre-TCs, which correspond to the pre-GTP hydrolysis stage in termination. Our model describes the complex interactions between eRF1 and eRF3 on the ribosome and provides insight into the way eRF3-catalyzed GTP hydrolysis accelerates peptide release by eRF1.
Results
Cryo-EM Reconstruction of the Individual Pretermination Complex.
Mammalian pre-TCs were obtained by in vitro reconstitution from purified rabbit 40S and 60S ribosomal subunits, initiation (2, 3, 1, 1A, 4A, 4B, 4G, 5, and 5B), and elongation factors (1A and 2), and aminoacylated tRNAs on MVHL-STOP (Methionine-valine-histidine-leucine-stop codon) mRNA comprising 12 unstructured 5′-terminal nucleotides (four CAA triplets) followed by the β-globin 5′-UTR, a coding sequence for the MVHL tetrapeptide, a UAA stop codon, and an ∼150-nt 3′-UTR consisting of the natural β-globin coding sequence (23) . Assembled pre-TCs were purified by sucrose density gradient (SDG) centrifugation.
A cryo-EM reconstruction of the pre-TC was obtained using a density map of the human 80S ribosome (25) as a reference for projection matching procedures (26) . After classification and angular refinement (Materials and Methods), a 17-Å cryo-EM map was generated for the programmed pre-TC. The complex contains P-site tRNA, but vacant A and E sites, and the ribosome is in the nonrotated conformation (Fig. 1A) .
Cryo-EM Reconstruction of the eRF1-eRF3-GMPPNP-Bound Pretermination Complex. eRF1-eRF3-associated ribosomal complexes, corresponding to the pre-GTP hydrolysis stage of initial attachment of release factors, were obtained by incubation of SDGpurified pre-TCs formed on MVHL-STOP mRNA with the fulllength eRF1 and truncated eRF3 lacking the nonessential 138 N-terminal amino acids (21, 23) in the presence of GMPPNP. The efficiency of pretermination complex formation, estimated by incorporation of [ 35 S]Met, was ∼70%. The remaining ∼30% of ribosomes likely represented nonprogrammed particles, cosedimenting with the programmed population. The efficiency of eRFs binding to pre-TCs, which was determined in toeprinting experiments by the appearance of the characteristic +2-nt forward toeprint shift (23), was ∼85%.
Computational sorting was used to select images attributed to the programmed 80S ribosomal complexes (Figs. S1 and S2). The percentage (∼75%) of programmed versus vacant 80S ribosomes, as determined using single-particle reconstruction techniques, was in agreement with the biochemically estimated efficiency of pre-TC formation. Three-dimensional reconstruction and angular refinement revealed extra density, indicative of eRF1-eRF3 bound to the P-site tRNA-containing 80S ribosome (Fig. 1 B-G) . The resolution of the reconstruction from 43,691 particles was 18 Å. Like the individual pre-TC described above, the 80S-eRF1-eRF3-GMPPNP pre-TC maintains the nonrotated conformation and a vacant E site. Density attributed to eRF1-eRF3 fills the ribosomal A site. Molecular interpretation of factor-factor and factor-ribosome interactions was facilitated by docking existing atomic models of the 80S ribosome (27) , eRF1 (8, 14) , eRF3 (16) , and the eRF1-eRF3 2-3 complex (17) into the cryo-EM density. Fitting of the structures in a comprehensive model was subsequently optimized using molecular dynamics flexible fitting (MDFF) (Materials and Methods). (22) and the eRF1-eRF3-GTP model (17) , domain M rotates by 37°with respect to eRF1's C-terminal domain, which positions it near eRF3. Domain N is rotated by ∼100°as it reaches into the decoding center. As a result of these changes, the ribosome-bound eRF1-eRF3-GMPPNP complex adopts a conformation that is similar to those observed for bacterial 70S-bound tRNA-EF-Tu and yeast 80S-bound Dom34-Hbs1 complexes (28, 29) (Fig. S3 ).
The two factors contact both ribosomal subunits at multiple sites, through a complex interaction network (Table S1 and Fig. 1 F and G). eRF3 binds near the universal GTPase-associated center (GAC) of the ribosome. eRF3's G domain contacts the sarcin-ricin loop (SRL) (H95) of 28S rRNA, and is near the P stalk. rpL40e and rpL9 (rpL6p) are in the immediate vicinity, as well. On the 40S subunit interface, the G domain interacts with h14 of 18S rRNA. eRF3's domain 2 projects toward the 40S subunit, where it contacts h5 and h15 of 18S rRNA. Both the G domain and domain 2 of eRF3 interact with domain M of eRF1, which is nestled between the two domains of eRF3 (see below). Domain 3 of eRF3 appears to interact exclusively with the Cterminal domain of eRF1.
eRF1 forms four well-defined lobes corresponding to its N-, M-, C-, and mini-domains, with an overall shape similar to that of a tRNA molecule (Fig. 2 and Fig. S3C ). eRF1's domain N reaches deep into the decoding center of the 40S subunit (Fig. 1F) . There are multiple points of contact between domain N and regions of the 40S subunit, including helices 18, 30, 31, 34, and 44 of 18S rRNA and eukarya/archaea-specific ribosomal proteins rpS30e and rpS31e. Domain M of eRF1 is folded back so that the tip of its extended α5 helix, containing the universal GGQ motif, is tucked between eRF3 and the 60S subunit within the intersubunit space of the 80S ribosome, and positioned precisely between the G domain and domain 2 of eRF3 ( Figs. 1 and 2) . In this orientation, the GGQ motif is situated more than 80 Å away from the PTC of the 60S subunit, which is consistent with the biochemical data, indicating that its accommodation into the PTC occurs only after GTP hydrolysis (23) . A similar position has been described for the central domain of Dom34 in the yeast Hbs1-Dom34-bound No-go decay complex, also stalled in a pre-GTP hydrolysis state (29) . In the docked structure of eRF1-eRF3, rpS23 (rpS12p) is nestled between the base of eRF1's domain M and domain 2 of eRF3. Domain M is also proximal to the regions of the 60S subunit that encompass H71 and H92 and rpL23 (rpL14p). The tip of the domain approaches the area where the G domain of eRF3 interacts with the SRL. This conformation also positions the M domain of eRF1 in the immediate vicinity of the switch 1 region of eRF3.
Domain C of eRF1 protrudes away from the intersubunit space of the ribosome, ultimately forming a contact with the P-stalk base of the 60S subunit. The interaction is coordinated via rpL12 (L11p), H43 and H44. Consistent with previous reports (17, 30) , domain C of eRF1 interacts intimately with domain 3 of eRF3.
Although the ribosomal interactions of the eRF1-eRF3 complex described thus far are similar to those that were previously reported for the Hbs1-Dom34 and EF-Tu-tRNA complexes (28, 29) , there is an additional specific point of contact that involves the 40S subunit and eRF1's minidomain ( Fig. 1 C and F) . This minidomain is formed by a specific insert in the C-terminal domain of eRF1, which does not exist in the C-terminal domain of Pelota/Dom34, even though their C-terminal domains are homologous (31) . Whereas this region is disordered in all available crystal structures of eRF1, the NMR structure of eRF1's C-terminal domain showed that in solution it forms an α-helix and three β-strands (14) . This structure closely matches our cryo-EM map. The minidomain extends away from the core of eRF1 density and protrudes toward the beak of the 40S subunit, where it interacts with rpS31e and 18S rRNA (Fig. 1F) . The long tail of rpS31e contacts both the minidomain and domain N of eRF1. Comparison of the cryo-EM reconstructions of the pre-TC and the 80S-eRF1-eRF3-GMPPNP complex also reveals that binding of release factors induces conformational changes in both 40S and 60S subunits. In the 40S subunit, the first notable rearrangement occurs at the entrance of the mRNA-binding channel (Fig. 3) . Thus, upon binding of eRF1-eRF3, h16 of 18S rRNA in the shoulder of the 40S subunit, which points into the solvent in the vacant pre-TC, moves toward the head. This movement of h16 occurs in concert with a shift of the head of the 40S subunit, where rpS3 (rpS3p) resides, toward the body. The overall outcome is the establishment of a new head-body connection, most likely between h16 and rpS3, and considerable constriction of the mRNA entrance (Fig. 3) . In addition, binding of release factors also induces constriction of the mRNA exit tunnel, which on one side is lined by multiple ribosomal proteins, including rpS5 (rpS7p), rpS14 (rpS11p), rpS26e, and rpS28e, and is occupied by 18S rRNA on the other (Fig. 3) . Structural rearrangements of the 60S subunit induced upon eRF1-eRF3-GMPPNP binding appear primarily in its two stalks. The P stalk (L7/L12 stalk in prokaryotes) is a highly dynamic structure, which is essential for binding of multiple ribosomal GTPases (e.g., refs. 32, 33). It comprises H43 and H44 and rpL12 (L11p), rpP0 (L10p), and rpP1 and rpP2 which are equivalent to prokaryotic rpL7/L12p. In our fitted structure, rpL12 (L11p) and H43 and H44, which form the stalk base, shift away from the 40S subunit, to accommodate binding of eRF1-eRF3, particularly the C-domain of eRF1 (compare panels in Fig. 1 A and B) .
The L1 stalk is a highly mobile domain, near the E site, which moves between at least three distinct conformational states (34, 35) . In the inward-facing closed and half-closed conformations, the stalk interacts with the elbow of deacylated tRNA in hybrid (P/E) and classical (E/E) orientations, respectively. The open conformation of the L1 stalk facilitates release of deacylated tRNA from the E site. The position of the L1 stalk is generally correlated with the intersubunit ("ratchetlike") rotation of the ribosome (35) . When the ribosome is in the unrotated conformation, the L1 stalk occupies the open position. Conversely, the rotated state of the ribosome is concurrent with the L1 stalk in the closed position. Consistent with these observations and the nonrotated state of the 80S ribosome, the L1 stalk is in the same open position for both the pre-TC and the 80S-eRF1-eRF3 pre-TC complexes, although its overall shape suggests subtle differences between the two complexes (Fig. 3) .
Discussion
Our cryo-EM density maps, combined with flexible fitting of individual components determined by X-ray crystallography, revealed that eRF1-eRF3-GMPPNP bound to the pre-TC adopts a conformation that is similar to the predicted model for the eRF1-eRF3-GTP complex in solution (17) , and resembles those of ribosome-bound Dom34-Hbs1-GMPPNP and tRNA-EF-Tu (28, 29) . In this conformation, domains M and N of eRF1 shift and rotate compared with the structure of individual eRF1 (8) . In addition to interactions between the C-terminal domains of eRF1 and eRF3, eRF1's domain M also establishes contacts with eRF3's G-domain, in the immediate vicinity of the switch 1 region. The higher-resolution (∼9.5 Å) cryo-EM structure of the yeast 80S-Dom34-Hbs1-GMPPNP complex revealed a homologous interaction between the middle domain of Dom34 (which is structurally homologous to domain M of eRF1 except that it lacks the GGQ motif) and the G-domain of Hbs1, with the positively charged loop β10-α3 loop of Dom34 directly contacting the switch-1 region of Hbs1 (29) . The similarities in overall architecture of the eRF1-eRF3-and Dom34-Hbs1-bound ribosomal complexes in a pre-GTP hydrolysis state suggest a conserved mechanism of ribosome binding and GTP hydrolysis and are consistent with the essential roles of eRF1 and Dom34 in promoting GTP binding and hydrolysis by eRF3 and Hbs1, respectively (5, (18) (19) (20) (21) (22) 36) .
Interaction of eRF1's domain M with eRF3 in termination complexes stalled in a pre-GTP hydrolysis state results in positioning of the GGQ motif far away from the PTC, consistent with biochemical data indicating that accommodation of the GGQ motif into the PTC occurs only after GTP hydrolysis (23) . To accommodate the GGQ motif in the PTC, eRF1 must undergo substantial conformational changes. GTP hydrolysis by translational GTPases generally involves a reorganization of the GAC of the ribosome (32) . Also, universally consistent with GTPase mechanisms, GTP hydrolysis by eRF3 would result in altered conformations of the switch-1 and -2 regions of its G domain (37) . The combination of these events would release domain M of eRF1 from its interaction with eRF3, allowing it to swing into the PTC and to induce peptide release. In common with other translational GTPases, eRF3 in its GDP-bound form likely has a lower affinity to ribosomal complexes and dissociates after Fig. 3 . Structural rearrangements within the 80S pre-TC incurred upon eRF1-eRF3-GMPPNP binding. Boxed portion of the 40S subunit is shown with yellow mesh for the density and yellow ribbon for the fitted structure. Green map is for P-tRNA and red for eRF1-eRF3. (A) Cryo-EM map and the MDFF structure of the pre-TC. (B) Cryo-EM map and the MDFF structure of 80S-eRF1-eRF3-GMPPNP complex. Comparison between the two structures reveals significant structural rearrangements in the 80S pre-TC, upon binding of eRF1-eRF3-GMPPNP. Most notable differences occur in the 40S subunit and include the closing of an h16-rpS3 latch at the mRNA entrance and a constriction at the mRNA exit channel, each upon eRF1-eRF3-GMPPNP binding. In the 60S subunit, the L1 stalk adopts a slightly different configuration upon eRF1-eRF3-GMPPNP binding.
GTP hydrolysis, so that accommodation of domain M could be preceded or accompanied by dissociation of eRF3. However, the observation that eRF1 associates more firmly with posttermination complexes in the presence of eRF3 (2) suggests that after GTP hydrolysis, eRF3 might not dissociate entirely from ribosomal complexes. If this is the case, efficient release of eRF3 could be promoted by ABCE1, whose ribosome-binding site overlaps with that of eRF3 (38) . Dissociation of eRF3 might in turn accelerate accommodation of eRF1's domain M, which would at least in part account for stimulation of peptide release by ABCE1 (6, 39) .
Although in contrast to the Dom34-Hbs1-GTP mRNA surveillance complex, which targets stalled elongation complexes in an A-site codon-independent manner (5, 7), the eRF1-eRF3-GTP complex recognizes stop codons exclusively, and the N domains of eRF1 and Dom34 are not structurally related (8, 40) , in both cases the N domains of eRF1 and Dom34 penetrate deeply into the decoding center and establish multiple interactions with the 40S subunit (present study and ref. 29) . However, our data revealed that in addition to the connection with the decoding center via the N domain, eRF1 also establishes a specific interaction with 18S rRNA in the beak of the 40S subunit via its unique minidomain. The NMR structure of eRF1's C-terminal domain showed that the minidomain exists in two distinct conformational states (14) . The cryo-EM density of the minidomain is well ordered where it makes interactions with the beak of the 40S subunit, suggesting that although it is dynamic in solution, the minidomain is stabilized in a specific conformation upon binding of eRF1 to the pre-TC, possibly due to its contact with the 40S subunit. Thus, by establishing an additional contact with the 40S subunit, the minidomain could either assist in probing for a stop codon or stabilize binding of eRF1-eRF3 to the pre-TC once a stop codon has been recognized. Consistent with this hypothesis are data showing that mutations to individual residues in the minidomain affect stop codon specificity and enhance termination on UAG (14) . However, another function of the interaction of the minidomain with the beak of the 40S subunit may be to limit intersubunit rotation and movement of the head of the 40S subunit for efficient peptide release and/or subsequent ribosome recycling mediated by eRF1 and ABCE1.
Our structure also revealed that binding of eRF1-eRF3-GMPPNP induces conformational changes within both 40S and 60S ribosomal subunits. Conformational changes in the large subunit are primarily confined to the P-stalk base. A rearrangement at the stalk base is likely important for catalyzing GTP hydrolysis and has been described for many of both eukaryotic and bacterial ribosomal GTPases (e.g., ref. 32) . Conformational changes in the 40S subunit involve a movement of h16 of 18S rRNA and the N-terminal domain (NTD) of rpS3 toward each other, which results in the establishment of a new head-body connection on the solvent side of the 40S subunit and a constriction of the mRNA entrance. These conformational changes are likely the cause of the +2-nt shift in the toeprint of the pre-TC caused by binding of eRF1-eRF3 (23), as constriction at the mRNA entrance would feasibly prevent reverse transcriptase from penetrating further.
Binding of Dom34-Hbs1 to stalled yeast ribosomes also led to the appearance of density bridging h16 and rpS3 (29) . Whereas this density was assigned to the Hbs1 NTD, it is possible, given the lack of a complete structural model for this domain, that the additional density may include conformational changes in the 40S subunit comparable to those induced by eRF1-eRF3. Moreover, the purpose of binding of the Hbs1 NTD to this region may indeed be to induce these changes. Interestingly, similar conformational changes involving h16 and rpS3 are also induced by binding to the 40S subunit of the initiation factors eIF1 and eIF1A (41) , and the structurally distinct internal ribosomal entry sites (IRESs) of hepatitis C virus and cricket paralysis virus (25, 42) . In the case of these 40S initiation complexes, conformational changes involving h16 and rpS3 are concomitant with the opening of the mRNA entry channel "latch" on the intersubunit side, which is formed by h18 in the body and h34 and rpS3 in the neck of the 40S subunit. As noted previously (25) , the orientation of h16 in eukaryotes differs radically from that in prokaryotes, and the rpS3-h16 region may constitute an adaptation that facilitates a variety of eukaryotespecific aspects of the translation process, by enabling opening and closing of the mRNA entrance and positioning of mRNA in the channel to be regulated.
In the case of termination, the constriction at the mRNA entrance, particularly combined with a similar constriction at the mRNA exit tunnel, may serve the purpose of clamping onto the mRNA to stabilize the complex as it prepares for peptide release. In addition to clamping the ribosome more firmly on the mRNA, conformational changes in the ribosome induced by binding of eRF1-eRF3 may also promote subsequent steps in their own activation. Conversely, antagonism of these induced conformational changes in the 40S subunit would be predicted to impair the termination process, and this could underlie the stop codon "read-through" mechanism that is used by numerous viral mRNAs and a number of cellular mRNAs for the synthesis of C-terminally extended polypeptides. Read-through on these mRNAs is strongly stimulated by stable structural elements that are commonly located ∼8 nt downstream of the recoded termination codon, such as a pseudoknot in murine leukemia virus (43) and hairpin or other stable stem-loop structures in e.g., alphavirus and Drosophila Headcase mRNAs (44, 45) . The location of these elements in ribosomal complexes stalled at the termination codon suggests that they could antagonize factor-induced constriction of the mRNA entrance channel, leading to abortive interaction with the eRF1-eRF3 complex and instead permitting misreading of the stop codon by an aminoacylated suppressor tRNA.
Materials and Methods
Purification of Ribosomal Subunits, Initiation, Elongation, and Termination Factors, and Aminoacylation of initiator methyionyl-tRNA (tRNA i Met ). Native eIF2, eIF3, eIF5B, eEF2, aminoacyl-tRNA synthetases, and 40S and 60S ribosomal subunits were purified from rabbit reticulocyte lysate, and recombinant eIF1, eIF1A, eIF4A, eIF4B, eIF4G 736-1115 , eIF5, eRF1, and eRF3aC lacking the N-terminal 138 aa and recombinant Escherichia coli methionyl tRNA synthetase were expressed and purified from E. coli as described (refs. 23 and 46 and references therein). In vitro transcribed tRNA i Met was aminoacylated using recombinant E. coli methionyl tRNA synthetase, whereas total native tRNAs were aminoacylated with Met, Val, His, and Leu using native aminoacyl-tRNA synthetases (46) .
Assembly and Purification of Pretermination Complexes. Pre-TCs were assembled on MVHL-STOP mRNA essentially as described (23) . First, 48S initiation complexes were formed by incubating triple aliquots of 100 pmol MVHL-STOP mRNA, 30 pmol 40S subunits, 100 pmol eIF2, 70 pmol eIF3, 130 pmol eIF4A, 50 pmol eIF4B, 150 pmol eIF4G 736-1115 , 300 pmol eIF1, 300 pmol eIF1A, and 70 pmol Met-tRNA i Met in a 400 μL buffer A (20 mM Tris, pH 7.5, 100 mM KAc, 2.5 mM MgCl2, 2 mM DTT, and 0.25 mM spermidine) supplemented with 200 units RNasin, 0.4 mM ATP, and 0.2 mM GTP for 15 min at 37°C. The 48S complexes were then incubated for 15 min with 200 pmol eIF5, 15 pmol eIF5B, and 60 pmol 60S subunits to form 80S initiation complexes. Pre-TCs were obtained by incubating 80S complexes with 200 pmol yeast eEF1A, 30 pmol eEF2, and 150 μg total tRNA (aminoacylated with Met, Val, His, and Leu) for 15 min and then purified by centrifugation through 10-30% (wt/vol) linear sucrose density gradients prepared in buffer A in a Beckman SW55 rotor for 1 h 35 min at 4°C and 50,000 rpm. Fractions that corresponded to pre-TCs were combined, concentrated, and transferred into buffer A using Microcon YM-10 filter units. Purified pre-TCs (3.2 pmol) were then incubated with 32 pmol eRF1 and 32 pmol eRF3 in 100 μL buffer A supplemented with 3 mM Mg-GMPPNP.
Electron Microscopy and Image Processing. After assembly, purification, and biochemical verification of the 80S pretermination complex, specimens were vitrified and micrographs were recorded under cryo conditions (47) . In total, 430,167 particles were selected using reference-based selection methods (48) and multivariate data analysis and classification procedures, followed by manual verification of the aligned and classified projections (49) .
For the pre-TC, 22,816 total projections were used for a 3D reconstruction using single-particle-based methods. As with the PTC complex, image projections of the 80S-eRF1-eRF3-GMPPNP complex were first sorted based on cross-correlation coefficient (CCC) to PTC reference, which displayed a bimodal distribution. Selection of the mode with the higher CCC resulted in 322,646 particles, or ∼75% of the total projections. The particles were further sorted based on density in the A site, indicative of eRF1-eRF3 bound to the release complex, using supervised classification (50) . 80S-eRF1-eRF3 populations were further sorted using a multireference classification algorithm (51) .
Flexible Fitting. The atomic models of both the 80S pre-TC ribosome, with and without the release complex, were obtained by performing MDFF (52) , an approach based on adding external forces proportional to the gradient of the cryo-EM density map into a molecular dynamics (MD) simulation of the atomic structure. The starting model was composed of the X-ray structure of the 80S ribosome from the yeast Saccharomyces cerevisiae (Protein Data Base ID codes 3U5B, 3U5C, 3U5D, and 3U5E) (27) and the X-ray structure of human eRF1 bound with domains 2 and 3 of human eRF3 (17) .
For the 80S pre-TC model, MDFF was performed to fit the 80S ribosome X-ray structure into the cryo-EM density map. For the 80S-eRF1-eRF3 structure, MDFF was first performed on the 80S ribosome X-ray structure of S. cerevisiae alone. In this first step, densities attributed to eRF1 and eRF3 were approximately masked. The coordinates of eRF1 and eRF3 were then fitted into their respective density within the cryo-EM volume. Finally the 80S ribosome, with both factors attached, was subjected to EM density-based MDFF fitting, allowing necessary structural adjustments at the molecular boundaries. Because of the relatively low resolution of the density map, all of the MDFF computations were performed with the molecule placed in vacuum.
